Abstract We develop a theory to model the interaction of graphene substrate with localized plasmon resonances in metallic nanoparticles. The influence of a graphene substrate on the surface plasmon resonances is described using an effective background permittivity that is derived from a pseudoparticle concept using the electrostatic method. For this purpose, the interaction of metal nanoparticle with graphene sheet is studied to obtain the optical spectrum of gold nanoparticles deposited on a graphene substrate. Then, we introduce a factor based on dipole approximation to predict the influence of the separation of nanoparticles and graphene on the spectral position of the localized plasmon resonance of the nanoparticles. We applied the theory for a 4-nmradius gold nanosphere placed near 1.5 nm graphene layer. It is shown that a blue shift is emerged in the position of plasmon resonance when the nanoparticle moves away from graphene.
Introduction
Localized surface plasmon resonances (LSPRs) of metal are due to the coherent oscillation of free electrons and are associated with local enhancement of oscillating electric field supported by metallic nanoparticle. They offer great promise for a range of applications, such as sensor technology (Mock et al. 2003; Schultz 2003; Clark et al. 2007; Lal et al. 2007; Jain and El-Sayed 2008) , surface-enhanced Raman scattering (Dahmen and von Plessen 2014) , and plasmon solar cells (Hagglund et al. 2008) . Recently, the combination of metallic nanoparticles and graphene has attracted intense interest due to its great potential in future plasmonic devices (He and Lu 2014) . Graphene is a monolayer of carbon atoms and has unique mechanical, electric, and optical properties with a large number of industrial potential applications . Graphene-metal nanocomposites showed great promise for sensors and biosensors (Wu et al. 2010; Kravets et al. 2012 ) and led to noticeable enhancements in the photocurrent and the efficiencies of photovoltaic devices (Chuang et al. 2014) .
It is not surprising that the properties of a metallic nanoparticle near a graphene layer are different from those of an isolated nanoparticle due to changes in the electric permittivity of the surrounding environment. Since the LSPR wavelengths of metal nanoparticles are highly sensitive to the electric permittivity of the surrounding medium (Vernon et al. 2010) , the presence of graphene layer can influence these resonances. The interaction between the LSPR and the graphene sheets is observed in some experiments and offers a diverse range of applications (Mueller et al. 2010; Echtermeyer et al. 2011; Hong et al. 2012 ). It has recently been shown that applying graphene as a substrate for plasmonic metallic nanoparticles offers excellent platforms for biosensors and electronic devices (Polyushkin et al. 2013) . Graphene can be used as an ideal spacer for plasmonic metallic nanostructures and hence creates a repeatable and stable subnanometer gap for massive plasmonic field enhancements (Mertens et al. 2013; Mcleod et al. 2014) .
If metallic nanoparticles are placed near a graphene layer, the resonance wavelength of the nanoparticles will be altered due to particle-graphene interaction (Polyushkin et al. 2013) . Knowing the plasmonic response of metallic nanoparticles in the presence of graphene is important for designing nanoparticlegraphene plasmonic systems with a desired resonance frequency. There are some experimental investigations into the effect of graphene layer on the LSPR of metallic nanoparticles (Mertens et al. 2013; Polyushkin et al. 2013; Lee et al. 2014 ), but there is no general theory to provide a physical insight into metal particle-graphene interactions and to predict the dependence of the LSPRs on such interactions.
In this work, we develop a theory of the interaction of graphene sheets with the LSPRs in metal nanoparticles. For this purpose, we consider graphene sheets to be a thin layer with a certain permittivity. Based on the electrostatic approximation, the metal nanoparticles on the graphene substrate in a medium are replaced by a homogeneous medium with an effective permittivity in which only the nanoparticles are embedded. This strong method can be used for particles of arbitrary shape. The method makes it possible to avoid intensive numerical calculations and determines the strength of the particle-graphene interaction. In this study, we consider the graphene sheets as a substrate with a specific permittivity. Based on this assumption, we calculate the strength of interaction between the nanoparticles and graphene to obtain the optical properties of metallic particlegraphene nanocomposites and predict the spectral position of LSPRs. We then show that it is possible to calculate the shifted LSPR wavelength that arises from the distance between the nanoparticles and graphene using the strength of the nanoparticle-graphene interaction. To this end, a factor is introduced to calculate the reduction of the interaction strength as the distance is increased and to predict the shift of the LSPR wavelength.
Electrostatic resonances of metallic nanoparticles
The electrostatic approximation can be used for calculating the LSPRs associated with metallic nanoparticles that are much smaller than the wavelength of incident light. The resonances can be studied by the electrostatic eigenmode method introduced by Davis et al. (2009) . In this method, the resonance frequencies of a nanoparticle is calculated using the surface charge distribution across the surface of the particle, r(r), linking the induced charge at r to surface charge at a given point on the particle surface r q as follows:
where c is the eigenvalue of the integral equation and takes values c k each one corresponds to a resonant mode and to a surface charge eigenfunction, r k (r), of the nanoparticle. There is also similar integral equation for the distribution of surface dipole
In order to find the eigenvalues and eigenfunctions, the surface of the nanoparticle is divided into a set of small elements so that the surface integral equations in Eqs. (1) and (2) are turned into matrix eigenvalue problem (Mayergoyz et al. 2005; Davis et al. 2009 ). When the nanoparticle is exposed to an incident radiation with frequency x, the surface charge distribution of the nanoparticle can be written as the summation of the surface charge eigenmodes:
The expansion coefficient a k (x) is the excitation amplitude of kth resonance mode of the nanoparticle and is given by (Mayergoyz et al. 2007 )
where e(x) and e b are the dielectric permittivities of metallic nanoparticle and the surrounding medium, respectively. In addition, E and p k represent the electric field amplitude of the incident light and the average dipole moment of the particle at resonant frequency x k , respectively. It is now obvious that the particle resonates at frequency x k if the real part of the denominator of Eq. (4) at this frequency becomes zero. As a result, the resonant frequency of a metal nanoparticle is found using the following equation:
For single spherical nanoparticle in dipolar approximation c k = 3, the resonance frequency is determined by e(x k ) = -2e b .
Particle-graphene interaction
Dielectric function of graphene
In this paper, we consider graphene to be a layer with certain dielectric function. Defining the dielectric function for graphene sheet enables one to study the optical properties of this two-dimensional structure. Rani et al. (2014) has shown that the imaginary part of graphene dielectric function exhibits metallic optical properties when the electric field of incident light is parallel to graphene sheet, but it exhibits semiconductor optical properties for the vertical electric field. Hence, it is very important to appropriately model graphene to study the optoelectronic properties of graphene-based materials. In this paper, we replace graphene sheets in metallic particle-graphene nanocomposites by a substrate with a specific permittivity. This assumption allows us to apply the electrostatic eigenmode method to predict the shifted plasmon resonances in metallic nanoparticles placed near graphene. Given the nature of the eigenmode method, our approach can be extended for any type of nanoparticle of arbitrary shape, although here we focus on spherical metallic nanoparticles. Graphene is considered to be a uniaxial anisotropic material due to its two-dimensional nature, thus the dielectric function tensor of graphene is written as follows: 
where e \ and e II are the normal and parallel components of dielectric function, respectively. The components have been calculated using ab initio simulation based on density functional theory (the method has been explained in detail in the work of Rani and colleagues (Rani et al. 2014) . The parallel component for intrinsic single-layer graphene consists of real and imaginary parts (i.e., e II = e rII ? ie iII ) that are wavelength-dependent quantities as shown in Fig. 1 , while the normal component can be considered to be a constant quantity, e \ = 1.2, for the wavelength of interest. It should be mentioned that the parallel component of permittivity of few-layer graphene is equivalent to that of single-layer graphene, but the normal component is approximated as the permittivity of graphite, i.e., 2 (Zhu et al. 2013; Du et al. 2014 ).
Nanoparticle-decorated graphene layer
In this section, we study the plasmon resonance of a metal nanoparticle placed on graphene sheets in a surrounding medium with dielectric permittivity e b (Fig. 2a) . We show that the effect of graphene on the LSPR of the nanoparticle can be modeled using pseudoparticle concept. When the particle is placed on graphene, the electric field of the particle's surface charges polarizes the graphene layer and thus additional surface charges are induced at the interface between graphene and the particle. This phenomenon can be modeled by the method of image charges (Jackson 1962; Yamaguchi et al. 1974) . In fact, the surface charge of the particle r(r) induces charges on the graphene surface that can be imagined as surface charge r(r 1 ) = ([e b -e g ]/[e b ? e g ])r(r) on a pseudoparticle. The electric field from the surface charge of this pseudoparticle now interacts with the nanoparticle. This assumption converts the problem of nanoparticle on graphene into two interacting nanoparticles (Fig. 2b) . The excitation amplitude of kth resonance mode of two interacting nanoparticles has been already calculated (McFarland and Duyne 2003; Davis et al. 2009) , and now we can use it for the problem of the nanoparticle on graphene layer as follows:
where g = (e b -e g )/(e b -e g )(e b ? e g ) 9 (e b ? e g ) and T k determines the overlap between the surface dipole eigenfunction s k (r) of the nanoparticle and the surface charge eigenfunction r k (r 1 ) of the pseudoparticle and is written as follows:
This parameter shows the strength of the interaction between the nanoparticle and the pseudoparticle. Now the denominator of Eq. (7) determines the resonance condition of the system so that we have
It is easily to understand that Eq. (9) can be written in the same form as Eq. (5) if the surrounding medium with permittivity e b is replaced by a new medium with effective permittivity e eff (Vernon et al. 2010 ):
In other words, defining the effective permittivity helps to simplify the problem of two interacting nanoparticles to a single nanoparticle immersed in a homogeneous medium (Fig. 2c) . Overall, as schematically shown in Fig. 2 , we replaced the problem of nanoparticle on graphene layer in the surrounding medium with the nanoparticle embedded in a homogeneous medium of permittivity e eff .
The theory has been applied to calculate absorption spectrum of a spherical gold nanoparticle (with radius a = 4 nm) on a few-layer graphene in air (e b = 1). Using the electric permittivity of gold has been taken from literature, the resonance frequency of the nanoparticle was determined via Eq. (5), and then the permittivity of graphene at this frequency was used to calculate effective permittivity. The obtained effective permittivity was applied to calculate the cross section of absorption given by Q abs = 4ka Im(e -e eff /e ? 2e eff ) (Fan et al. 2014) , and as shown in Fig. 3 there is a strong peak at 524 nm. It is important to note that we did not use the bulk dielectric function of gold in our calculation, but the absorption has been calculated via modified dielectric function Fig. 2 a Particle on graphene layer, where e g and e b are the dielectric permittivity of graphene and the surrounding medium, respectively. b Induced charge on the graphene can be imagined as surface charge on a pseudoparticle that interacts with the particle. c The modeled nanoparticle in a homogeneous medium with permittivity e eff (Wormeester et al. 2004 ) that takes the small size of nanoparticle into account. To test the theory, we have performed finite deference time domain (FDTD) simulations to obtain absorbance using bulk (Johnsons and Christy 1972) and modified dielectric functions. The optical properties of graphene used in simulations have been taken from Weber et al. (2010) . As can be seen from Fig. 3 , both simulations show a peak at 528 nm that is in good agreement with what the effective permittivity model predicted. It can also be seen that the modified dielectric function-based calculations predict a broader peak in comparison with the one obtained via bulk dielectric function. In fact, broadening of the peak has been observed for gold nanoparticles with a diameter below 30 nm (Dinsmore et al. 2001; Wormeester et al. 2004) . The prediction of the effective permittivity model and simulations are in agreement with the observed peak position (528 nm) in experiment (Lee et al. 2014) .
Distance factor
Using a series expansion of |r -r 1 | -3 (Vernon et al. 2010; Mortazavi et al. 2012) , Eq. (8) can be approximated as follows:
where d is the distance between the center of the nanoparticle and the pseudoparticle (see Fig. 2b ). Here we demonstrate that this approximation can be applied to predict the shift of the resonance wavelength of metallic nanoparticles when the nanoparticles move away from the surface of graphene substrate. The nanoparticle is considered to be floating above a graphene layer such that L is the distance from the edge of the nanoparticle to the graphene surface (Fig. 4a) . Note that the distance between the center of the nanoparticle and pseudoparticle is now 2L ? d so that Eq. (11) is modified as follows:
We introduce distance factor D given by
Now Eq. (11) is rewritten as follows:
The effective permittivity of Eq. (10) can now be used for the system if T factor is substituted with C k . Distance factor gives a view of how the coupling between the nanoparticle and graphene substrate can be decreased with the increase of graphene-nanoparticle separation. In fact, as the nanoparticle moves away from the graphene surface, the value of C k is decreased and thus a reduction in the effective permittivity of the system has occurred that, in turn, leads to a blue shift in the resonance position of the particle.
The dependence of the optical response of a gold nanoparticle supported by graphene sheets on the separation has been investigated using distance factor and is shown in Fig. 4 . The figure includes a schematic of the system structure. Figure 4b shows the quantity of 1 -Q extinction , which is proportional to the transmission value (Niu et al. 2012) , as a function of wavelength. Extinction cross section Q extinction has been calculated via the summation of the cross section of scattering and absorption (Q abs ? Q sca ) (Fan et al. 2014) . As expected for particles of less than 40 nm in diameter, the calculations showed that the extinction is completely dominated by absorption and scattering can be neglected. As can be seen from the figure, there is a blue shift of dip position as the separation of the nanoparticle and graphene becomes wider. This phenomenon was already observed in experiment (Niu et al. 2012) . Figure 4c shows a comparison between shifts predicted by effective permittivity model and FDTD simulation. It is clear that a 10.5 nm blue shift is predicted by both methods with increasing the separation from 0 to 5 nm. The blue shift can be explained by the value of factor C k . Increasing the separation of graphene and nanoparticle decreases |C k | (and thus effective permittivity) and consequently leads to a blue shift in dip position. The wavelength position of the dip and the value of C k versus the separation are shown in Fig. 5 . It can be seen that for large separation the value of C k is almost zero and thus the value of effective permittivity can be approximated as e b . As a result, increasing the separation beyond 15 nm causes no further shift in dip position.
Conclusion
A theory based on electrostatic approximation has been developed to predict the shift of the LSPRs of metallic nanoparticles placed near graphene sheets. The graphene alters the electric permittivity of the surrounding medium of the particles that, in turn, leads to a change in the LSPR wavelength. The changed LSPR has been calculated via introducing an effective permittivity that is dependent on the interaction between graphene layer and the dispersed metal nanoparticles. We have then derived a parameter that determines the strength of the interaction when there is a gap between graphene and the particles and gives a view of how the resonance wavelength is changed. We have shown that the results of our method are in good agreement with numerical simulations. We believe that the theory can be useful for designing nanoparticle-graphene plasmonic systems.
